A considerable number of studies have been conducted worldwide on fires that act on all four sides of a column (symmetrical fire). These cases are used for the validation of the analysis models developed in this study. In real buildings the columns are often embedded.
Introduction

General
Reinforced concrete filled tubular (CFT) columns have become popular among designers and structural engineers in recent years. These columns combine advantages of both steel and concrete materials, such as: attractive appearance, structural efficiency, fast construction technology and high fire resistance [1] , [2] .
Behavior of a CFT column in case of fire is more complex than at room temperature due to changes in material properties, which make it difficult to predict its failure. According to [1, 2] , analytical methods developed in this field cannot predict behavior of CFT columns in fire, so numerical simulations are necessary. According to [2] , most researches have adopted similar assumptions, all of which cannot be realistic representations of actual CFT column behavior. Both the effects of slip and air gap between the steel tube and the concrete core and the effect of concrete tension strength have been studied in [2] , and the authors have concluded that they have only a minor effect on fire resistance time. They have also realized that initial deflection has some effect on fire resistance time, but it is acceptable to use the maximum value of the span/1000 [2] .
A considerable number of numerical simulations and tests have been conducted worldwide on fire that affects all the four sides of a column. References [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] deal with steel tubes filled with plain concrete. References [20] [21] [22] [23] [24] [25] [26] [27] [28] deal with steel tubes filled with reinforced concrete. References [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] deal with steel tubes filled with fiber reinforced concrete. If fire acts on all the four sides with the same intensity, it is called a symmetrical fire in this study. These cases are used for validation of the analysis models developed in this study. The design standards include world-wide symmetric cases.
Non-symmetric fire events concerning composite columns
In real buildings columns may be embedded. This alters their properties in fire compared to symmetric cases. If fire does not affect all surfaces of a column in a similar way, it is called nonsymmetrical fire. Such fire is interesting because it is extremely difficult to predict how the column will behave in it. If, for instance, one side is against the fire and the other sides are insulated so that no heat transfer is possible, i.e. we refer to the so-called adiabatic conditions, then the column bows toward fire
Cases considered in this paper
This paper presents results of numerical analyses for tubular composite columns in nonsymmetrical fires. Reinforced concrete-filled square steel tubes of three sizes and two buckling lengths are considered at given central axial loads. The following non-symmetrical cases are considered: ISO 834 fire acting on one side, two adjacent sides or three sides. Fire is assumed to be constant along the column. The sides which fire does not affect are assumed to be embedded. Three different embedding systems are considered: adiabatic (see above), concrete wall, and steel-mineral wool-steel sandwich panel. Reference cases are symmetrical ones. Axial loads are defined so that they represent maximum ultimate centric loads for symmetrical cases with respect to specified fire resistance times: 30, 60, 90 and 120 minutes. Numerical results for the symmetrical cases are compared with literature data determined by analyses and tests. The idea is to define fire resistance times for non-symmetrical cases and compare them to those for symmetrical cases with the same columns. Fire resistance time was defined based on the point of time when deflections of columns have started to increase rapidly. A total of 150 cases have been analyzed. Thermal and mechanical analyses were conducted using the finite element software ABAQUS/Standard [46] . Geometrically identical 3D finite element method (FEM) models were used both for thermal and mechanical analyses. Material models for steel tubes, reinforcement and concrete are presented in the Eurocodes [47] . The effect of initial bow imperfection is considered. The shape of the imperfection corresponded to the buckling mode of the column for the lowest buckling load in ambient conditions. All cases were analyzed using the amplitude span/666 for the imperfection towards fire to compensate the missing residual stresses in the model. Some cases were also studied with the initial imperfection away from fire. All columns were hinge supported at both ends. End nodes of the columns were forced to stay in the plane using the coupling command of ABAQUS in the mechanical analysis.
No residual stresses were assumed for the tubes. In thermal analysis full contact between the steel tube and the concrete core was assumed. In mechanical analysis the cases were analyzed supposing frictionless contact between the steel tube and the concrete core. The reinforcement was modeled with one-dimensional beam elements. 3D continuum finite elements were used both for the tube and the concrete. First thermal analysis was conducted and temperatures were stored. Then, mechanical analysis was made with a constant central axial load by increasing temperatures inside the column according to the stored temperatures. Thermal analysis was made using a 3D continuum FE model for the entire column. This was done because 1) the goal was to perform future fire tests where temperatures may change in the longitudinal direction of the column, and 2) it could give us temperatures for the mechanical model, provided that the meshes of both models were compatible, as they were in this study. To verify the numerical model, temperatures and fire resistance times in the symmetrical fire were compared to the results available in literature [26] and [48] . Temperatures were calculated using the Safir software too [49] . The results of the thermal analysis in the non-symmetrical cases were compared to the results calculated using the Safir software and the same initial data.
Preliminary results of the present study were presented in [50] . More details of the analyses and results are given in [51] .
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Thermal analysis
Cold formed steel tubes of grade S355 are considered. Sizes and lengths L of the tubes are: 150x150x5, L = 2 and 3 m; 250x250x6, L = 3 and 5 m and 400x400x10, L = 3 and 6 m. The notation 150x150x5 means: a square tube 150 mm wide and high of 5 mm wall thickness. Roundings of the tube corners are as stated in standard [52] . Reinforcement grade is A500HW [53] , carbon steel with yield strength 500 MPa and suitable for welding. The number of bars and diameters D are: 150x150; 4D12 mm, 250x250; 4D20 mm, 400x400; 8D25 mm. The locations of the reinforcements from the concrete surface are: 150x150; 35 mm + D/2, 250x250; 45 mm + D/2, 400x400; 45 mm + D/2. The effects of different locations of reinforcement on resistance of the columns are studied in [51] .
The concrete grade is C40/50 in all cases using the notations of the Eurocodes [47] . Density, conductivity and specific heat at elevated temperatures for these materials are available in the Eurocodes and are used in the analysis. Concrete moisture is 4 % by weight. The upper value is used as recommended in [47] for thermal conductivity of concrete. Pressure due to vaporization of concrete is not considered in the analysis. Constant density 128 kg/m3 and constant specific heat 840 J/(kgK) are used for mineral wool according to [54] . Bi-linear conductivity for mineral wool is used from the same reference. ISO 834 standard fire is supposed to act on the surfaces via radiation and convection. Emissivity of 0.7 is used both for steel and concrete surfaces and convection factor is 25 W/m2K, as stated in the Eurocodes for the ISO 834 fire.
Concrete and steel tubes were modeled with the DC3D8 brick elements of ABAQUS, while the corners of the tubes were modeled with DC3D6 elements, see [46] . Reinforcement was modeled using DC1D2 elements. Figure 1 illustrates the typical meshes both in the cross-section and along the column. All contact surfaces were modeled using the Tie option of ABAQUS to ensure heat transfer on surfaces.
Figure 1. Typical FEM meshes used in the analysis
Three adiabatic non-symmetrical cases were considered as shown in Figure 2 . Red lines show where fire acted. The other sides were adiabatic. The fourth case involved symmetrical fire.
Figure 2. Adiabatic cases
Three embedding systems with concrete walls were analyzed as shown in Figure 3 . The thickness of the concrete wall was 100 mm, but in case of fire affecting only one side the thickness is the same as the column width. In the thermal analysis, the column sides and the walls were connected with the Tie option to ensure heat transfer, meaning that no gaps were modeled between walls and columns. Three embedding systems with sandwich panels were analyzed as shown in Figure 4 for the 150x150 column. Steel faces were 0.6 mm thick and the mineral wool was 200 mm thick. Panels were modeled without connectors and corner details, as in case with concrete walls. A series of heat transfer steps lasted 240 minutes (14,400 seconds) with maximum increments of 60 seconds. Maximum allowable changes per increment were 25 degrees Celsius in temperature and 0.1 in emissivity.
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Heinisuo M., Jokinen T. Tubular composite columns in a non-symmetrical fire Figure 5 shows the temperatures at the cross-section from the mid-point of the column surface to the mid-point of the column in the symmetric fire cases. The temperatures were calculated using the present ABAQUS model, the Safir program [49] and taken from reference [26] . The input data in ABAQUS and the Safir models were the same.
Figure 5. Temperatures in the symmetric case
The temperatures were very similar in all cases, except that the temperatures of [26] were a little lower than the other two values at the second point from the surface. Figure 6 illustrates temperature fields in a non-symmetric fire with adiabatic embedding for 250x250 columns after 60-minute ISO fire using both the Safir and the present ABAQUS model. The temperature fields are very close to each other when using both the present ABAQUS model and the Safir program. Comparisons of other cases both in symmetric and non-symmetric fires are shown in [51] and lead to the same conclusion: the developed model works reliably. Figure 7 illustrates 250x250 column temperatures after 60-minutes ISO fire with all three embedding systems using the present ABAQUS model.
MODELS
Magazine of Civil Engineering, No.5, 2014
Heinisuo M., Jokinen T. Tubular composite columns in a non-symmetrical fire The concrete wall is a good heat sink meaning that temperatures are much lower far from fire in the columns for the concrete-embedded cases than for the other two cases. It can also be seen that the temperatures for adiabatic and sandwich panel embedding are about the same. The same conclusions can be drawn for the other columns considered [51] . Figure 8 illustrates the temperatures after 240-minute ISO fire for three cases of adiabatic and one case of symmetric fire (the last one on the right) for three column sizes.
Figure 8. Temperatures for different column sizes
The temperatures are much lower in the non-symmetric cases than the symmetric ones, as expected. Non-symmetric temperatures also occur in non-symmetric fires. The differences in temperatures between symmetric fire and non-symmetric fire with fire acting on three sides are not very big, which means that the differences in fire resistance between these two cases cannot be major. In case of one 150x150 column, reinforcement was modeled with continuum elements in the thermal analysis, as well. Figure 9 illustrates the results for three adiabatic embeds and symmetric fire at about 60 minutes of ISO fire. The 3D reinforcement model causes only small differences in the temperature field near reinforcement. To summarize, the thermal analysis model seems to have worked rather well in all the cases considered.
Figure 9. Temperatures using 1D and 3D finite elements as reinforcement in thermal analysis
The concrete walls and the sandwich panels were not modeled for mechanical analysis, meaning that they did not carry any mechanical loads or support the column. Material models for tubes and reinforcement were taken from [47] Section 3.2.1 and Section 3.2.3, respectively. Elastic and plastic options of ABAQUS were used for steel with von Mises yield criteria. The stresses started to decrease linearly from 0.15 strains, reaching zero at 0.20 strains at elevated temperatures.
The material model for concrete at compression was taken from Section 3.2.2 of [47] . The elastic modulus was used as the stress/strain ratio at 40 % of the maximum stress. Different stress-strain and stress-displacement relationships were tried for concrete at tension. Bi-linear and tri-linear stress-strain relationships, including those of [55] , did not work properly, which led to convergence problems. Similar experiments have been reported in [55] . The same was true for the applied stress-displacement relationship similar to that reported in [56] . Finally, a simple elastic stress-strain relationship was applied to concrete on the tension side. The elastic modulus at tension was the same as in compression. Maximum tensile stresses of concrete were observed during analyses which were typically under 10 % of the compressive strength of concrete.
In the mechanical analysis, the C3D8 and C3D6 brick elements of ABAQUS (see [46] ) were used for the concrete and the steel tube. Reinforcement was modeled using B31 beam elements. Contact between the steel tube and the concrete was modeled using frictionless contact. Other ways to model the contact between concrete and steel tube are reported in [51] . Resistance time was based on points in time when convergence was no longer reached using ABAQUS implicit and RIKS methods.
Validation of the mechanical analysis model involves square cold-formed steel tubes 150x150x5 (notation 150) and 250x250x6 (250) of steel grades S355, filled with concrete of grade C40/50, and with the following reinforcements: 150: 4D12, 250: 4D20 of grades A500HW. Distances between the reinforcement and steel tube are: R30: 30 mm, R60: 35 mm, R90: 45 mm, R120: 60 mm, as recommended in [48] . R indicates the required fire resistance time for ISO fire in minutes. The buckling lengths were: 150: 2 and 3 m, 250: 3 and 5 m. Axial resistances for these cases are given in [48] based on analyses and experiments in symmetric fire. The non-linear fire cases were solved using the constantload analysis described below. With that technique resistance times corresponded to the points in time when convergence was no longer reached due to large displacement increments.
The fire cases were calculated with general static load (constant-load) analysis using the StaticGeneral option. Before applying heat, a step option was used to impose the axial load on the model. When the heating of the column started, the maximum time was set to 4 hours (14,400 s), which is the time over which the temperatures were determined. The settings for the constant-load analysis were: maximum number of increments 200, initial increment size 1, minimum 1E-005, maximum 100. The used model gives results which are close to [48] but for the smallest columns 150x150x5 and 250x250x5 (R120). In these cases the used model is conservative. Other validation cases of the used model are given in [48] . Although the FEM model is very coarse with respect to the thickness of the steel tube (only one element), the results are good in the validation cases and can be used to represent the failure modes of the columns in the symmetric fire cases. The failure modes are expected to be similar in the non-symmetric fire cases. The bold values in Figure 10 were used as axial loads for the nonsymmetric fires.
Non-symmetric cases
In some non-symmetric cases interpretation of the results was straightforward. Figure 10 presents horizontal displacements versus time for two 250x250 columns when fire acted on two adjacent sides (code 2S) and the two other sides were adiabatic.
Fire resistance time in these cases was about 59 minutes (5 m column) and 143 minutes (3 m column) after which diagonal displacements started to grow rapidly. In the symmetric fire resistance times with these loads were 30 and 57 minutes, respectively. It can also be seen that the column with L = 3 m finally buckled towards fire and the column with L = 5 m finally buckled away from fire.
In some cases final fire resistance time could not be established as clearly. In the case described in Figure 11 on the left, the analysis stopped for an undetermined reason, while in the case on the right, the analysis stopped as the time limit of 4 hours was reached. Code C2S means concrete embedding (C) and fire on two adjacent sides (2S). Code C1S means concrete embedding (C) and fire on one side (1S).Codes that do not begin with a letter refer to adiabatic embedding, and those that begin with the letter "S" refer to sandwich embedding. In the cases shown in Figure 11 no reliable fire resistance time was found, but the main finding is that the target resistance time (30 and 60 minutes) was greatly exceeded. Figure 10 . Column 250x250 in a non-symmetric fire Table 2 includes the results for the non-symmetric cases considered. Unclear cases similar to those of Figure 11 are shown in red. Table 2 also includes fire resistance time for the symmetric cases (4S) which were calculated using constant-load analysis. They are close to the target values but in the case of 400x400 columns target time is 90 and 120 minutes. All fire resistance time was divided by that of case 4S (symmetric fire). The ratios are presented in Table 3 . 
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Heinisuo M., Jokinen T. Tubular composite columns in a non-symmetrical fire Almost all ratios are over 1.0 which means that in the non-symmetric cases fire resistance was at least as good as in the symmetric cases and generally much better. The means of fire resistance time in the non-symmetric fire versus symmetric fire are presented in Figure 12 with different embedding systems.
Figure 12. Mean relative fire resistance times in non-symmetric fires
Concrete embedding seems to be most efficient in increasing fire resistance time while adiabatic and sandwich panels are less effective but nearly equal to each other in this respect. In [42] the ratio of increase in fire resistance time compared to the symmetric fire for 3-side non-symmetric fire was 1.1, for 2-side fire 2.6 and for 1-side fire 4.8. The means in Figure 12 are 1.34, 2.25 and 3.59, respectively. In [42] fire on two sides was at opposite sides of the column, not on adjacent sides as in this study. Moreover, [42] used unreinforced square columns while in case 1S the narrow side of the column was in fire and in case 3S two wide sides and one narrow side, which explains the differences between these cases.
All these cases were calculated assuming initial bowing L/666 towards fire. In case 2S the initial bowing was in the diagonal direction. Table 4 shows the directions to which the columns finally buckled, A = away from fire, T = towards fire. T  A  A  T  A  A  T  A  A  3  6  0   2  150x150, 2m  R60  174  T  A  A  A  A  A  T  A  A  2  7  0   3  150x150, 3m  R30  303  T  T  T  T  T  T  T  T  T  9  0  0   4  150x150, 3m  R60  110  T  T  A  T  T  -T  T  T  7  1  1   5  250x250, 3m  R30  1975  T  A  A  T  A  A  T  A  A  3 T  T  T  T  T  T  T  T  T  9  0  0   10  250x250, 5m  R60  634  T  T  T  T  T  T  T  T  T  9  0  0   11  250x250, 5m  R90  406  T  T  -T  T  -T  T  -6  0  3   12  250x250, 5m  R120  233  T  --A  T  -T  T  -4  1  4   13  400x400, 3m  R30  8031  A  A  A  A  A  A  A  A  -0  8  1   14  400x400, 3m  R60  5942  A  A  A  A  A  A  A  A  -0  8  1   15  400x400, 3m  R90  4868  A  A  A  A  A  A  A  A  -0  8  1   16  400x400, 3m  R120  4053  A  A  -A  A  -A  A  -0  6  3   17  400x400, 6m  R30  5624  T  A  T  T  A  T  T  A  -5  3  1   18  400x400, 6m  R60  3564  A  A  -A  A  -T  A  -1  5  3   19  400x400, 6m  R90  2625  A  A  -A  T  -A  A  -1  5  3   20  400x400, 6m  R120  2045  A  T  -A  T  -A  T  -3  3 3
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Slender columns have a tendency to buckle toward fire and stocky columns away from fire.
All columns that buckled away from fire had a slightly longer relative fire resistance time comparing to those that buckled towards fire. One reason for this may be the direction of the initial bow imperfection which was towards fire. Some cases were analyzed again by setting imperfection away from fire. The results are shown in Figure 13 .
Figure 13. Effect of the direction of initial bow imperfection
Approximate reduction factors based on this effect are given in [51] . The general rule is that initial bow imperfections in both directions should be studied when determining fire resistance of columns in non-symmetric fire.
The effect of the amplitude of the initial bow imperfection was studied using constant-temperature analysis. Figure 14 illustrates the results for a 250x250, L = 5 m column in 30-minute symmetric fire.
Figure 14. Effect of the amplitude of initial bow imperfection
When the amplitude is larger than, let us say L/2000 (2.5 mm), the maximum load decreases almost linearly. Amplitude L/666 (7.5 mm) was used in this study. This amplitude was used instead of normal L/1000 or L/750 to compensate the missing residual stresses in the model. If the amplitude is very small (0.5 or 1 mm in Figure 14) , the results may be unreliable.
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Conclusions
The main conclusions are following.
1. Composite tubular columns resisted the same axial load longer in non-symmetric fire than in symmetric fire.
2. Concrete is an effective heat sink for embedded composite columns. 3. It is recommended that heat sink, which increases the axial resistances of columns, be considered in fire design.
4. If a column is embedded in concrete on three sides (fire acts on one side), fire resistance time increases 2.7-fold, in the case of two adjacent embedded sides it increases 1.4-fold, and with one embedded side 1.1-fold compared to symmetric fire.
5. The numbers given above are minimum values, i.e. safe values for all considered cases. In many cases increases up to 4.0 (1S) and 2.0 (2S) were obtained.
6. In case of embedding with sandwich panels, the fire resistance time does not increase as much as with concrete embedding. The increase is about the same as in the adiabatic case.
7. Even there, the increases in fire resistance time are large, especially when fire acts on one side only.
8. Slender columns seemed to collapse towards fire, stocky columns finally collapsed away from the fire. It is recommended that two initial bow imperfection directions, away from and towards fire, should be used when determining fire resistance of composite tubular columns in non-symmetric fires.
9. Tests are badly needed to verify the calculations.
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Хейнисуо М., Йокинен Т. Асимметричное огневое воздействие на цилиндрические композитные колонны 
Аннотация
Значительное количество исследований по всему миру было посвящено огневому воздействию на все четыре стороны колонны (симметричное огневое воздействие). Эти исследования использованы для проверки аналитических моделей, использованных в данной работе. В реальных зданиях часто используются встроенные (заделанные) колонны.
Когда огонь по-разному воздействует на разные стороны колонны (асимметричное воздействие), очень сложно предсказать ее поведение. Основные задачи исследования следующие. Сильнее ли огнестойкость при асимметричном воздействии, чем при симметричном? Какова форма потери устойчивости, в направлении огневого воздействия или противоположно ему?
В статье приведены результаты численного анализа 150 стальных колонн, наполненных железобетоном, под асимметричным воздействием огня. По ISO 834, огонь действует постоянно вдоль колонны на одну, две смежные или три стороны. Для оставшихся сторон рассмотрены три варианта заделки: адиабатическая стена, бетонная стена и сэндвич-панель. Модели материалов выполнены на основе Еврокодов, с учетом начальных несовершенств. Базовым вариантом является случай симметричного воздействия.
Когда огонь воздействует на одну, две смежные или три стороны, предел огнестойкости был в среднем в 3.4, 2 и 1.3 раза выше, чем при симметричном воздействии. Бетонная стена -это хороший теплоотвод для колонн. Гибкие колонны обычно изгибаются в направлении огня. Окончательная потеря устойчивости и, соответственно, огнестойкость зависит от направления начального несовершенства изгиба. Необходимо проведение эксперимента для проверки полученных результатов.
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